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Scheme S4. Synthesis of Rh-7
Compound 1 A mixture of 3-(ethylamino)phenol hemisulfate (1.00 g, 5.37 mmol), ethyl 4-bromobutanoate (2.31 mL, 16.1 mmol), N,N-diisopropylethylamine (9.35 mL, 53.7 mmol), and NaI (885 mg, 5.91 mmol) in toluene (40 mL) was refluxed for 12 h. The solvent was evaporated off and the residue was added water (50 mL). The aqueous layer was extracted with EtOAc (3 × 50 mL). The organic layer was combined, washed with brine (50 mL), dried over 149.4, 130.1, 104.7, 102.8, 99.0, 60.6, 49.5, 45.1, 31.6, 22.7, 14.2, 12.3 was added, and the aqueous layer was extracted with CH2Cl2 (6 × 50 mL). The organic layer was combined, washed with brine (50 mL), dried over Na2SO4, and concentrated under reduced pressure. The residue was purified by Biotage isolera Flash Purification System (silica-packed 25 g snap column) to afford 2 (257 mg, 419 µmol, 28%) as a green solid. 1 H NMR (500 MHz, CDCl3): δ 7.99 (d, J = 7.5 Hz, 1H), 7.63 (t, J = 7.5 Hz, 1H), 7.57 (t, J = 7.5 Hz, 1H), 7.20 (d, J = 7.5 Hz, 1H), 6.56 (d, J = 9.0 Hz, 2H), 6.45 (d, J = 2.5 Hz, 2H), 6.36 (dd, J = 9.0 Hz, 2.5
Hz, 2H), 4.14 (q, J = 7.5 Hz, 4H), 3.37 (q, J = 7.0 Hz, 4H), 3.31 (t, J = 7.0 Hz, 4H), 2.35 (t, J = 7.0 Hz, 4H), 1.92
(quin, J = 7.0 Hz, 4H), 1.26 (t, J = 7.5 Hz, 6H), 1.16 (t, J = 7.0 Hz, 6H). 13 C NMR (125 MHz, CDCl3): δ 173. 2, 169.8, 153.2, 153.1, 149.5, 134.5, 129.2, 129.0, 127.8, 124.7, 124.1, 108.2, 106.3, 97.9, 85.5, 60.5, 49.5, 45.1, 31.4, 22.7, 14.2, 12 To a stirred solution of 2 (50.0 mg, 81.2 µmol) in dry CH2Cl2 (10 mL) was added toluenesulfonylchloride (31.0 mg, 162 µmol) under an N2 atmosphere. To this stirred mixture after 15 minutes was added 4-dimethylaminopyridine (24.8 mg, 203 µmol) at room temperature. After stirring the mixture after 15 minutes, ethylamine (ca. 10% in THF, 61 µL, 122 µmol) was added and the reaction mixture was stirred for 19 h. The mixture was quenched with saturated NaHCO3 aq. and the aqueous layer was extracted with CH2Cl2 (3 × 50 mL).
The organic layer was combined, washed with brine (50 mL), dried over Na2SO4, and concentrated under reduced pressure. The residue was purified by Biotage isolera Flash Purification System (silica-packed 10 g snap column) to afford 3 (32.4 mg, 50.3 µmol, 62%) as a colorless solid. 7, 168.3, 153.7, 153.4, 149.1, 132.5, 131.0, 128.3, 128.1, 123.6, 122.0, 108.2, 105.2, 97.9, 65.5, 60.2, 49.0, 44.5, 34.7, 30.8, 22.3, 13.2, 12.6, 11.0 To a stirred solution of 2 (50.0 mg, 81.2 µmol) in dry CH2Cl2 (10 mL) was added toluenesulfonylchloride (31.0 mg, 162 µmol) under an N2 atmosphere. To this stirred mixture after 15 minutes was added 4-dimethylaminopyridine (24.8 mg, 203 µmol) at room temperature. After stirring the mixture after 15 minutes, a solution of 2,2,2-trifluoroethylamine (9.6 µL, 122 µmol) in CH2Cl2 (1 mL) was added and the reaction mixture was stirred for 19 h. The mixture was quenched with saturated NaHCO3 aq. and the aqueous layer was extracted with CH2Cl2 (3 × 50 mL). The organic layer was combined, washed with brine (50 mL), dried over Na2SO4, and concentrated under reduced pressure. The residue was purified by Biotage isolera Flash Purification System Methanol-d4): δ 7.91-7.89 (m, 1H), 7.60-7.52 (m, 2H), 7.07-7.05 (m, 1H), 6.47 (d, J = 2.5 Hz, 2H), 6.37 (dd, J = 9.0, 2.5 Hz, 2H), 6.33 (d, J = 9.0 Hz, 2H), 4.13 (q, J = 7.0 Hz, 4H), 3.70 (q, J = 9.5 Hz, 2H), 3.39 (q, J = 7.0 Hz, 4H), 3.33 (t, J = 7.0 Hz, 4H), 2.37 (t, J = 7.0 Hz, 4H), 1.89 (quin, J = 7.0 Hz, 4H), 1.24 (t, J = 7.0 Hz, 6H), 1.14 (t, J = 7.0 Hz, 6H).
13 C NMR (125 MHz, Methanol-d4): δ 173. 7, 169.8, 154.1, 153.4, 149.2, 133.5, 129.1, 128.4, 128.3, 124.1, 122.5, 108.5, 104.3, 97.8, 66.1, 60.2, 49.0, 44.5, 41.3, 41.1, 30.7, 22.3, 13 7, 167.9, 153.4, 153.3, 149.1, 132.3, 132.1, 128.8, 128.0, 123.6, 121.7, 108.0, 105.1, 97.8, 66.3, 60.2, 54.2, 48.9, 44.5, 30.8, 29.2, 25.9, 25.0, 22.3, 13.2, 11.0 
To a stirred solution of 2 (50.0 mg, 81.2 µmol) in dry CH2Cl2 (10 mL) was added toluenesulfonylchloride (31.0 mg, 162 µmol) under an N2 atmosphere. To this stirred mixture after 15 minutes was added 4-dimethylaminopyridine (24.8 mg, 203 µmol) at room temperature. After stirring the mixture after 15 minutes, a solution of 2,2-difluoroethylamine (8.5 µL, 122 µmol) in CH2Cl2 (1 mL) was added and the reaction mixture was stirred for 17 h. The mixture was quenched with saturated NaHCO3 aq. and the aqueous layer was extracted with CH2Cl2 (3 × 50 mL). The organic layer was combined, washed with brine (50 mL), dried over Na2SO4, and concentrated under reduced pressure. The residue was purified by Biotage isolera Flash Purification System (silica-packed 10 g snap column) to afford 6 (31. Compound 7 To a stirred solution of 2 (50.0 mg, 81.2 µmol) in dry CH2Cl2 (10 mL) was added toluenesulfonylchloride (31.0 mg, 162 µmol) under an N2 atmosphere. To this stirred mixture after 15 minutes was added 4-dimethylaminopyridine (24.8 mg, 203 µmol) at room temperature. After stirring the mixture after 15 minutes, 2-fluoroethylamine hydrochloride (12.1 mg, 122 µmol) was added and the reaction mixture was stirred for 19 h.
The mixture was quenched with saturated NaHCO3 aq. and the aqueous layer was extracted with CH2Cl2 (3 × 50 mL). The organic layer was combined, washed with brine (50 mL), dried over Na2SO4, and concentrated under reduced pressure. The residue was purified by Biotage isolera Flash Purification System (silica-packed 10 g snap column) to afford 7 (23.1 mg, 34.9 µmol, 43%) as a colorless solid. 7, 169.0, 153.7, 153.3, 149.2, 132.9, 130.3, 128.2, 128.1, 123.7, 122.2, 108.4, 104.8, 97.9, 79.5, 65.5, 60.2, 49.0, 44.5, 39.6, 30.7, 22.3, 13.2, 11.0 Compound 8 To a stirred solution of 2 (50.0 mg, 81.2 µmol) in dry CH2Cl2 (10 mL) was added toluenesulfonylchloride (31.0 mg, 162 µmol) under an N2 atmosphere. To this stirred mixture after 15 minutes was added 4-dimethylaminopyridine (24.8 mg, 203 µmol) at room temperature. After stirring the mixture after 15 minutes, dimethylamine (ca. 10% in THF, 61 µL, 122 µmol) was added and the reaction mixture was stirred for 21 h. The mixture was quenched with saturated NaHCO3 aq. and the aqueous layer was extracted with CH2Cl2 (3 × 50 mL).
The organic layer was combined, washed with brine (50 mL), dried over Na2SO4, and concentrated under reduced 2, 169.3, 158.0, 156.2, 135.9, 131.8, 130.8, 130.3, 129.8, 129.6, 128.4, 127.5, 125.6, 114.0, 113.6, 96.2, 60.4, 49.9, 45.9, 38.6, 33.8, 30.1, 13.2, 11.3 0, 153.4, 137.2, 131.6, 131.3, 130.3, 130.1, 127.6, 123.6, 121.7, 114.0, 113.6, 96.1, 50.0, 45.9, 32.0, 29.9, 29.2, 25.9, 24.7, 22 7, 169.0, 153.7, 153.3, 149.2, 132.9, 130.3, 128.2, 123.7, 122.2, 108.4, 104.8, 97.9, 80.3, 78.9, 65.5, 49.1, 44.5, 39.6, 30.5, 22.3, 11 7, 158.4, 157.0, 156.6, 145.6, 139.5, 137.1, 132.5, 131.3, 130.8, 130.3, 129.9, 128.9, 128.1, 126.3, 114.5, 114.2, 51.0, 46.6, 39.3, 34.5, 20.9 
Compound 15
Compound 15 was prepared by the literature method S1 .
Compound 16
A mixture of 15 (1.00 g, 6.70 mmol), ethyl 4-bromobutanoate (2.88 mL, 20.1 mmol), N,N-diisopropylethylamine (11.7 mL, 67.0 mmol), and NaI (1.10 g, 7.37 mmol) in toluene (40 mL) was refluxed for 18 h. The solvent was evaporated off and the residue was added water (50 mL). The aqueous layer was extracted with EtOAc (3 × 50 mL).
The organic layer was combined, washed with brine (50 mL), dried over Na2SO4, and concentrated under reduced 5, 155.1, 146.1, 130.0, 114.8, 102.2, 97.7, 60.5, 50.7, 49.4, 31.6, 27.4, 22.4, 21.6 169.7, 154.0, 152.9, 152.8, 133.7, 128.9, 128.5, 128.4, 124.9, 124.0, 122.7, 122.6, 108.0, 106.7, 97.8, 65.9, 54.1, 51.3, 33.0 169.7, 154.0, 153.0, 152.9, 133.6, 128.9, 128.5, 128.4, 125.0, 124.0, 122.6, 108.0, 106.6, 97.8, 65.9, 54.2, 33.2, 29.3 153.4, 149.2, 133.5, 129.1, 128.4, 128.3, 124.1, 122.4, 108.4, 104.2, 97.7, 73.3, 66.2, 49.3, 48.2, 44.6, 40.1, 32.8, 31.5, 23.5, 23.3, 21.8, 11 . 156.0, 136.0, 131.8, 130.7, 130.4, 129.8, 129.6, 127.5, 114.0, 113.6, 96.2, 73.4, 50.3, 46.0, 40.1, 38.7, 33.8, 31.9, 31.5, 23.4, 22.9, 11.3 Red-pHocas-AL containing 0.5% SDS or not in citrate-phosphate buffer (pH 4.0) were prepared (regarding Rh-7, the pH value was 3.0). UV-vis absorption spectra were recorded at 37 °C and extinction coefficients were calculated from absorption maxima. Fluorescence quantum yields of the dyes were determined in aqueous solution using Rhodamine 6G in EtOH as a standard (Φ = 0.95, excited at 530 nm) S3 .
Measurement of pH Reversibility. To a solution of 0.2 μM Red-pHocas in 2 mL citrate-phosphate buffer (pH 7.1), 17 μL of 6 M HCl aq. and 6 M NaOH aq. were repeatedly added at 37 °C. At each cycle, the pH value was confirmed using a pH meter (SevenEasy, Mettler-Toledo International, Inc.) . Fluorescence intensity was measured repeatedly 5 minutes after the addition of these solutions. nm (Red-pHocas-AL), and the emission was filtered with a 570-670 nm bandpass filter. To measure the photostability, Red-pHocas or pHocas adsorbed on hydroxyapatite was continuously irradiated by confocal laser (excited at 559 nm and 473 nm, respectively, 11.9 mW). Fluorescence images were collected every 5 min for 30 min and the emissions were filtered with a 570-670 nm bandpass filter (Red-pHocas) and 490-590 nm bandpass filter (pHocas). Fluorescence intensity was analyzed using Image J software (NIH, Bethesda, MD, USA).
Cell Culture. Bone marrow cells were obtained from femurs of a3-GFP mice, and were cultured with M-CSF (10 ng/mL, R&D) in minimal essential medium containing 10% FCS. After 3 days, cells were cultured with M-CSF (10 ng/mL) and sRANKL (50 ng/mL, Peprotech) for additional 3 days.
Two-Photon Excitation Spectra.
To obtain excitation spectra, two-photon fluorescence images of Red-pHocas adsorbed on hydroxyapatite and in vitro differentiated osteoclasts expressing GFP-fused V-ATPase a3 subunit were collected. Next, the wavelength of the laser source was changed from 800 nm to 960 nm with the same laser intensity. The signal intensity of each fluorophore was extracted by Image J software.
Histological Analysis. Histological analysis in bone tissue was performed via Kawamoto's film method, according to the manufacture's protocol S4 . The dissected bone tissue from mice administered Red-pHocas was fixed with 4% paraformaldehyde (PFA) at 4 °C overnight. Samples were embedded in super cryoembedding medium (Section-LAB Co. Ltd) and were then frozen. Frozen samples were cut into 10 μm sections with a cryostat (Lesica, CM3050), following which they were incubated with DAPI for staining nucleus (Roche). The treated sections were soaked into citrate-phosphate buffer at various pH values (from pH 8.0 to pH 4.0) and fluorescence images were acquired with an A1 confocal microscope (Nikon) equipped with an objective (Plan Apo VC 20× DIC N2, Nikon).
The excitation wavelengths were 405 nm for DAPI, 488 nm for EGFP, and 561 nm for Red-pHocas. Bandpass filters were 450/50 nm for DAPI, 525/50 nm for EGFP, and 595/50 nm for Red-pHocas.
Bone Morphometric Analysis. Trabecular bone morphometry within the metaphyseal region of the distal femur was quantified by micro-computed tomography (μCT) system (ScanXmate-RX; Comscantechno Co., Ltd., Japan).
Three-dimensional microstructural image data were reconstructed, and bone morphometric analysis was performed using TRI/3D-BON software (RATOC System Engineering Co., Ltd., Japan).
Intravital Imaging. V-type H + ATPase a3 subunit-green fluorescent protein (GFP) fusion knock-in mice (a3-GFP, C57BL/6 background) and TRAP-tdTomato mice (C57BL/6 background) were previously described S5, S6 . All animal experiments were performed in compliance with the guidelines for the Animal Experimental Committee of Osaka University. All experiments involved 10-14-week-old a3-GFP mice
S6
. Red-pHocas or Red-pHocas-AL (10 mg/kg) dissolved in PBS was injected subcutaneously into the mice daily for 3 days before acquiring the images.
Intravital microscopy of mouse calvaria bone tissue was performed using a modification of a protocol described in a previous study S6 . Mice were anesthetized with isoflurane (Escain; 2% (vol/vol) vaporized in 100% (vol/vol) oxygen); the frontoparietal regions of the skull bones were exposed and then the internal surfaces of bones (adjacent to the bone marrow cavity) were observed using two-photon excitation microscopy. The imaging system comprised a multiphoton microscope (LSM 780 NLO; Carl Zeiss AG) driven by a laser (Chameleon Vision II Ti:
Sapphire; Coherent, Inc.) and an upright microscope equipped with a 20× water immersion objective (W Plan-Apochromat, NA 1.0; Carl Zeiss). The microscope was enclosed in an environmental chamber in which the anesthetized mice were warmed by hot air. When the osteoclast activity was investigated under inhibition of V-ATPase, a3-GFP knock-in mice were treated with bafilomycin A1 (Aldrich). Bafilomycin A1 (0.5 mg/kg) dissolved in PBS (containing 1% DMSO) was injected intravenously into mice during the imaging experiments.
Data Analysis. After acquiring true-color images, fluorescence spectra of the probe, fluorescent protein, second harmonic generation, and autofluorescence were obtained using the ZEN software (Carl Zeiss) by manually selecting the appropriate pixels on true-color images. These spectral libraries were initially saved on a computer and utilized for spectral unmixing algorithms to create unmixed images that excluded autofluorescence. Raw imaging data were processed using Imaris (Bitplane, Belfast, UK) to create fluorescence images on a maximum intensity projection. Kymograph reconstruction was performed using EBImage package of R/Bioconductor with visual inspection, and smoothed mean intensities of Red-pHocas and a3-GFP were calculated for plotting and analysis. 3D surface plots and Otsu's binarized images were produced from the manually segmented cell areas.
Statistics. The data were analyzed using one-way analysis of variance or the Mann-Whitney rank-sum test. Data represent means ± standard deviation (SD) unless otherwise specified. A P-value < 0.05 was considered to reflect statistical significance. Regarding Rh-7, pH value was 3.0. Temperature: 37 °C. Table S1 . Spectroscopic data of rhodamine spirolactams Rh-1-7 Table S2 . Spectroscopic data of Red-pHocas and Red-pHocas-AL kobs, kinetic constant of ring-opening reaction. a measured in citrate-phosphate buffer (pH 4.0) containing 1% DMSO.
Supporting
b measured in citrate-phosphate buffer (pH 4.0) containing 1% DMSO and 0.5% SDS. c Rhodamine 6G in EtOH (Φ 0.95) was used as the fluorescence standard (excited at 530 nm) S3 .
d measured by pH-jump from pH 8.0 to pH 4.0 (dyes except for Rh-7), from pH 8.0 to pH 3.0 (Rh-7).
